The stochastic effect is the most serious concern in the development of high resolution lithography with high throughput. Line edge roughness (LER) is a typical phenomena caused by the stochastic effects in the resist pattern formation. In this study, the effects of the initial dispersion of protected units on LER were investigated by a Monte Carlo method on the basis of sensitization and reaction mechanisms of chemically amplified extreme ultraviolet (EUV) resists. The average number of protected units connected to a polymer before acid catalytic reaction was assumed to be 10. When the standard deviation of protected unit distribution (the distribution of the number of protected units connected to a polymer) was changed from 0 to 3, the standard deviation after the acid catalytic chain reaction was increased from 2.3 to 2.9. This increase in the standard deviation was estimated to correspond to 30% increase in LER. Although the reduction of initial standard deviation is somewhat required for the reduction of LER, it was found that the initial standard deviation of approximately 1 is sufficient.
Introduction
The resolution of extreme ultraviolet (EUV) lithography has been improved year by yea owing to worldwide efforts. Line-and-space patterns with 15-18 nm half-pitches have been fabricated using chemically amplified resists at exposure doses of 20-30 mJ cm -2 since 2011. [1] [2] [3] In 2013, the resolution of chemically amplified resist reached 13 nm, which was demonstrated through the fabrication of line-and-space patterns using NXE:3300 (ASML). [4] The fabrication of contact holes with 18 nm diameter was also demonstrated using a chemically amplified resist. [4] A typical chemically amplified resist used for EUV lithography utilizes the deprotection of a partially protected polymer for the polarity change, which leads to the difference of solubility in a developer. [5] Using an exposure tool, an optical image is formed in chemically amplified resists. The optical image is converted to an image of accumulated energy through the photon-material interaction. Using the accumulated energy, an acid image is formed through radiation-chemical reactions. [6] Then, the acid image is converted to an image of protected units, called a latent image, through the acid-catalytic chain reaction during postexposure baking (PEB). [7] While the sufficiently deprotected region becomes soluble, the region in which the deprotection is insufficient remains insoluble. The soluble and insoluble polymers coexist in the intermediate region.
Because the chemical reaction is a stochastic process, the distribution of soluble and insoluble polymers in the intermediate region cannot be controlled. The inhomogeneity in the distribution of soluble and insoluble polymers leads to line edge roughness (LER) formation. Therefore, LER is proportional to the width of the intermediate region, which can be approximated using the gradient of protected unit concentration as [8] [9] [10] [11] [12] dx dm
normalized concentration of chemical compounds that determine the solubility of the resist, and the chemical gradient, respectively. The denominator of the right-hand side of Eq. (1) is determined by the absorption coefficient of the resist, the quantum efficiency of acid generation, and the effective reaction radius for deprotection. The chemical gradient is increased with the absorption coefficient, [13, 14] the quantum efficiency, [15] and the effective reaction radius. [16] The numerator of the right-hand side of Eq. (1) is determined by the stochastic effect and the size of dissolution unit. [17] [18] [19] LER (3σ) was roughly estimated to correspond to the ±0.4σ fluctuation of protected units for general chemically amplified resists. [17] It has been reported that the protected unit fluctuation depends on the molecular weight and protection ratio of the polymer. [18] The further details have been investigated using the EIDEC standard resist. Figure 1 shows the distribution of protected units at half the height of resist patterns of the EIDEC standard resist, which is obtained by analyzing the dependence of line width and LER on exposure dose and half-pitch. The fluctuation of protected unit concentration leads to the fluctuation of the crossing point between latent image and dissolution threshold, namely line edge. By comparing the latent images with the observed LER, the ±0.31-±0.37σ fluctuation has been estimated to contribute to 3σ LER. [19] This analysis was carried out by assuming two extreme conditions for the protected unit distribution connected to a polymer, namely, monodisperse and randomly protected polymer, because the protected unit distribution of the EIDEC standard resist was unknown. The value of ±0.31 was obtained by assuming randomly protected polymer. The value of ±0.37 was obtained by assuming monodisperse polymer. The effect of the initial dispersion of protected unit distribution between these two extreme conditions is unknown. In this study, the effects of initial dispersion of protected unit distribution on LER were investigated using the Monte Carlo method on the basis of the sensitization and reaction mechanisms of chemically amplified EUV resists [20] [21] [22] to clarify the factors which affected the numerator of the right-hand side of Eq. (1) . Note that the distribution of the protected units connected to a polymer is hereafter called as the protected unit distribution in this study.
Simulation Model and Method
Assuming the simulation parameters for a typical resist, the latent images of line-and-space patterns were calculated. The simulation parameters are listed in Table 1 . [9] [10] [11] 23, 24] The aerial image of incident EUV photons, I(x, perpendicular to line pattern; y, parallel to line pattern; z, depth direction), was approximated using a cosine function.
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Here, A and p 1/2 represent the exposure dose and the half-pitch of a line-and-space pattern, respectively. The exposed area was 2p 1/2 × 1000 nm 2 . EUV photons were randomly injected into the target area in accordance with the photon intensity expressed by Eq. (2). The injected photons were randomly absorbed by the resist films in accordance with Lambert's law. The electron trajectories after EUV absorption were calculated in accordance with a reported procedure. [25] A chemically amplified resist with the poly(4-hydroxystyrene) (PHS) backbone polymer and 10 wt% triphenylsulfonium triflate (TPS-Tf) acid generator was assumed. The molecular weight (Mw) of the backbone polymer was assumed to be 4000. Mw of the protected unit was assumed to be 0 for simplicity. The volume occupied by this polymer was calculated to be 5.5 nm 3 from the film density. When the initial protection ratio of the polymer was assumed to be 30%, the number of protected units connected to a polymer is 10. The number of protected units was randomly varied around the average number of 10 with the standard deviation of σ i . σ i was changed from 0 to 3. The deprotonation efficiency of protected unit radical cations was set to be a typical value of 0.3. [26] The preneutralization of acids before PEB [27, 28] was assumed because annealing-type resists are generally used in EUV lithography. The proton migration range at room temperature for the calculation of preneutralization was set to be 2.4 nm. [17] Using the acid distribution after the preneutralization as an initial condition, the catalytic chain reactions during PEB were calculated using a Monte Carlo method. During PEB processes, if the acid molecule reached a quencher molecule within a distance of R n , the acid molecule was regarded as being lost through the neutralization. If the acid molecule reached a protected unit of the polymer within a distance of R d , the acid molecule was regarded as inducing the deprotection of the polymer. The time step for the calculation was set to be 0.00005 s.
The schematic configuration for the simulation is shown in Fig. 2 . The standard deviation of protected unit distribution around the dashed line marked by an arrow is discussed in this study. The process conditions such as the quencher concentration and PEB time were optimized to maximize the chemical gradient at the intended line width. The optimum quencher concentration and PEB time were 0.0211 nm -3 and 56 s, respectively. Figure 3 shows the temporal changes of protected unit distribution around the dashed line shown in Fig. 2 . The resist was assumed to consist of monodisperse polymer moelcules. Before PEB, the number of protected units connected to a polymer is 10 for all polymers as shown in Fig.  3(a) . With the progress of PEB, the deprotection proceeded and the polymers with less than 10 protected units was gradually increased. The standard deviation was monotonically increased with the progress of PEB and reached 2.3 at 56 s, at which the chemical gradient has the maximum value. The increase of standard deviation was almost saturated when the left foot of protected unit distribution reached 0 because the number of protected unit cannot be less than 0.
Results and discussion
By increasing the standard deviation of initial protected unit distribution, the effects of initial standard deviation was investigated as shown in Fig. 4 . At σ i =1, the standard deviation after PEB was 2.4. Although the standard deviation after PEB was increased compared with that at σ i =0, the difference was minor. At σ i =2, the standard deviation after PEB was 2.6. The increment of the standard deviation after PEB from σ i =1 to σ i =2 was larger than that from σ i =0 to σ i =1. At σ i =3, the standard deviation after PEB was 2.9. The increment was further increased. However, the standard deviation after PEB became smaller than that before PEB at σ i =3. As shown in Fig. 4(c) , the left foot of initial protected unit distribution reached 0 at σ i =3 when the average number of protected units was 10. Similarly to the discussion above, the standard deviation was decreased after PEB because the number of protected unit cannot have a negative value. Figure 5 shows the temporal change of the standard deviation of protected unit distribution. When the initial standard deviation was close to 0, the standard deviation was rapidly increased with PEB time. When the initial standard deviation was 3, the standard deviation was monotonically decreased with PEB time. Therefore, the standard deviation of protected unit distribution approaches a similar value independently of its initial value.
The LER values were evaluated in accordance with the reported procedure [17] by assuming the contribution of protected unit fluctuation to LER is ±0.4σ. Figure 6 shows the relationship between LER and the standard deviation of protected unit distribution before PEB. The relationship between the standard deviations of protected unit distribution before and after PEB is also shown for comparison. By increasing the initial standard deviation from 0 to 3, LER was increased from 4.1 to 5.3 nm. Because LER depends on the initial standard deviation of protected unit distribution, the reduction of initial standard deviation, for example, through fractionation, is somewhat required for the reduction of LER. However, the reduction of initial standard deviation to 0 is almost meaningless. The initial standard deviation of approximately 1, which is shown in Fig. 4(a) , is sufficient for the reduction of LER.
Conclusion
The effects of the initial dispersion of protected unit distribution on LER were investigated by a Monte Carlo method on the basis of sensitization and reaction mechanisms of chemically amplified EUV lithography. When the standard deviation of protected unit distribution was changed from 0 to 3, the standard deviation after the acid catalytic chain reaction was increased from 2.3 to 2.9. This increase in the standard deviation was estimated to correspond to 30% increase in LER. Although the reduction of initial standard deviation is somewhat required for the 
reduction of LER, the reduction of initial standard deviation to 0 is almost meaningless because the standard deviation of protected unit distribution is rapidly increased with the progress of acid catalytic chain reaction when the initial standard deviation is close to 0. From the viewpoint of engineering, the initial standard deviation of approximately 1 is sufficient for the reduction of LER when the initial average number of protected units is 10. 
